group of crystals that all share the same type of crystal structure based on CaTiO 3 , namely ABX 3 , with A cations, such as methylammonium (CH 3 NH 2 + ), formamidinium (CH(NH 2 ) 2 + ), and cesium (Cs + ); B cations such as tin (Sn 2+ ) and lead (Pb 2+ ); and halides, such as iodide (I − ), bromide (Br − ), and chloride (Cl − ), as the X anion. Since the first report of a solar cell using a hybrid organic-inorganic perovskite by Miyasaka et al. in 2009 , the solar cells' efficiency has rapidly increased from 3.8% [2] to over 22.1% [3] certified for laboratoryscale devices. This rapid increase is due in part to intense efforts to develop novel device architectures that are energetically favorable for charge generation and extraction, coupled with basic studies detailing the intrinsic properties of the photoactive perovskite materials. [4] However, this record efficiency is still well below the theoretical limit of ≈31% for a singlejunction photovoltaic device. [5] Significant improvements in processing technologies are needed, which in turn require a detailed understanding of microstructures, interface structures, and overall architectures of the solar cell device.
Introduction
In the past few years, hybrid perovskite solar cells have undergone rapid development and shown great potential as nextgeneration photovoltaics. [1] Hybrid perovskites form a large Most perovskite thin films are produced either from solution [9] or from thermal evaporation of their precursor materials. [10] Considering the simplicity of the processing conditions used to make perovskite films, as well as the low thermal stability of the materials, [11] a non-negligible level of unintended defects might be expected. [12] Moreover, crystallographic phase transitions during the perovskite fabrication process likely introduces defects [13] and photo-inactive non-perovskite phases. [14] To improve the coverage of the perovskite layer on the substrate, fast-solvent evaporation methods are often used to promote rapid supersaturation and precipitation, resulting in polycrystalline perovskite thin films as shown in Figure 1a) . [15] Imperfections on differently oriented grain surface facets and at grain boundaries may also introduce localized states, which can capture photogenerated carriers and therefore induce a field across the material that would eventually counteract the photogenerated potential. [12b] Furthermore, a typical perovskite solar cell is made up of a series of heterojunctions, layers of materials with vastly different properties, and the perovskite light absorber is sandwiched between two carrier selective layers, as shown in Figure 1b ). Due to a large absorption coefficient (roughly in the range 10 4 -10 5 cm
), [16] a relatively thin layer of photoactive perovskite material, usually between 300 nm and 500 nm, [9c,14b,15] is used. A layer of this thickness is thick enough to absorb the vast majority of visible light with reflective back contacts, but thin enough for the charges generated to move to their respective selective transport layer before recombining internally in the photoactive material. [4d] Since photocarrier diffusion lengths are longer than the perovskite absorber thickness, the defect density inside the perovskite grains and at the interfaces between perovskite and the carrier selective layers determines the charge extraction efficiency, and is thus a critical parameter for the overall perovskite solar cell efficiency. [17] For example, Tan et al. used chlorine to passivate defects on the TiO 2 colloidal nanocrystal surface, resulting in a mitigated interfacial recombination and thus higher power conversion efficiency and greater device stability. [17] Therefore, a full understanding of how the microstructure, including intragrain defects, grain boundaries of polycrystalline perovskite thin films, and heterojunction interfaces, affect the charge generation, transport, and extraction properties, is essential for improving overall performance of perovskite solar cells. Two of the most commonly used microstructural characterization techniques are electron microscopy (EM) and atomic force microscopy (AFM). However, many perovskite solar cell materials are organic-inorganic hybrid compounds and are delicate due to weakly bonded organic components. Thus, they can be very sensitive to structural probes such as electron beams, mechanical tips, or even intense light. [18] Proper selection of suitable analytical techniques for specific purposes is critically important for the study of the microstructure of perovskite solar cells.
Popular Techniques Used for Microstructure Characterizations of Perovskite Solar Cells
The microstructures associated with solar cell devices can have dimensions from the micron to the atomic scale, well beyond the spatial resolution of optical microscopes. [19] This means that alternative techniques such as electron microscopy and atomic force microscopy have to be used. Due to the much shorter wavelength of electrons compared to visible light, modern electron microscopes have resolutions down to 1 nm for scanning electron microscopes (SEM) (which typically operate in an energy range up to 30 kV) and below 0.1 nm for transmission electron microscopes (TEM) (which can operate between 30 kV and 1500 kV). [20] Furthermore, in electron microscopes it can be possible to acquire different types of signals, enabling structural, chemical and electronic information to be obtained and correlated from the same small volume of material. SEMs, operating typically in energy ranges up to 30 kV, primarily provide information about surface and sub-surface structures. Complementing this, TEMs are commonly used in the 100-300 kV range, so that the electrons have sufficient energy to be transmitted, via multiple scattering processes, through a thin (typically <100 nm) specimen, primarily providing information about the internal structure.
When the electron beam interacts with the specimen, it produces a wide range of signals from the specimen, some of which are summarized in Figure 1c ). [21] In SEM, the signals most commonly used for imaging are "secondary electrons" and "backscattered electrons". The fast incoming electrons can supply energy to the atomic outer-shell electrons in the specimen, sufficient for the atomic electron to be released as a "secondary electron" (SE). [20] However, only the secondary electrons created close to the specimen surface may escape into the vacuum for collection, so secondary electron images mainly show the surface structure (topography) of the specimen. [20] Some of the impinging electrons are scattered back through the surface that they entered and can be collected as a backscattered-electron (BSE) signal. The BSE signal increases with increasing atomic number of the material so that images that use a BSE signal exhibit contrast that corresponds primarily to the elemental distribution. [15a] Copyright 2014, Wiley-VCH. b) Overview of a typical perovskite solar cell. A photoactive perovskite layer is sandwiched between two selective charge transport layers, which are then sandwiched between two electrodes. Connecting the electrodes through a circuit allows for a current to be drawn. c) Overview of the different types of signals generated by an impinging high energy electron beam. Electrons are marked with solid arrows and photons are marked with dashed arrows. d) Schematic overview of the atomic force microscope and its derivatives. A cantilever is moved across a surface, in this case, a half-finished perovskite solar cell without the top charge transport layer and electrode. A laser is bounced off the back of the cantilever into a photodiode and any vertical movement is measured by the photodiode, giving surface topography information. A circuit can be connected between the cantilever and the transparent electrode, and a bias or current can be applied, both in the dark and under illumination. The microscope can then also be used to obtain information about the surface electronic properties of the material. the mesoporous TiO 2 scaffold, [20, 22] providing important information to guide the optimization of the fabrication process of perovskite solar cells. [9c,14b,15] In TEM, structural information can be obtained down to the atomic scale using imaging and/or diffraction techniques, which can be obtained and correlated from the same volume of specimen. The specimen volume under examination can be chosen to be very small, either by using a very small incident electron probe (<0.1 nm or larger) or via selective apertures. The very strong interaction of the incident electron with the Coulomb potential of the specimen ensures that it will scatter multiple times before exiting the specimen. This provides exceptional sensitivity to the atomic structure but also requires careful interpretation, often involving computation of the electron scattering within the specimen and resultant image or diffraction pattern. [21] Other emitted signals ( Figure 1c ) can provide chemical and electronic structure information. The incident electron beam can excite individual atomic electrons to quantum states of higher energy. These events can be detected in several different ways, including as secondary electrons discussed above; as energy lost from the incident electron beam (electron energy loss spectroscopy (EELS)); or as electromagnetic radiation emitted as a consequence of the de-excitation of the target atom, which is detected as X-rays (energy dispersive X-ray spectroscopy, (EDS)) or photons (cathodoluminescence (CL)). [21] In all these cases, the energy loss or gain is characteristic of the difference in energy between the initial and final quantum states, which is unique to each atomic species, and can thus be used to determine the chemical composition and, in some cases, the electronic structure, of the specimen. [21] For example, TEM-based energy-dispersive X-ray (EDX) has been used to reveal iodine and lead migration in the perovskite layer during thermal treatment, [18b] and EELS has been used to study the organic electron and hole semiconductors in solar cells. [23] However, it should be noted that these inelastic scattering techniques, whether applied in TEM or SEM, necessarily require relatively large electron doses to achieve reliable counting statistics and this can cause severe electron beam damage to the specimen.
Cathodoluminescence (CL) is particularly useful for strongly luminescent semiconductors like perovskites. [19, 24] CL is analogous to photoluminescence, but the excitation source is an electron rather than a photon. If a semiconductor is bombarded by electrons with sufficient energy, electrons in the semiconductor are excited from the lower-energy valence band to the higherenergy conduction band. [20] When the excited electrons return to the ground state valence band, photons are emitted with an energy equal to that of the characteristic band gap (E g ) of the semiconductor. [21] A particularly useful tool for studying the interfaces in solar cells is electron beam induced current (EBIC). In an EBIC setup, the electron beam in a scanning electron microscope is used to excite electron-hole pairs in a cross section of a complete photovoltaic device. The top and bottom electrodes are connected to an ammeter, forming a circuit. When the electron beam excites electron-hole pairs, the charges can either move through the material and be collected at the two electrodes, resulting in a current being measured (the electron beam induced current), or simply recombine in the bulk of the material, leading to no current being measured. [18c] The scanning function of the electron beams means that it is possible to correlate location in the photovoltaic device with current induced by the electron beam. This EBIC image gives a detailed map of where in the cell current is generated, and how efficiently it is extracted from the solar cell device. In particular, the cross-sectional EBIC profile is highly useful for identifying junction positions in the solar cell, making it particularly suited for determining the working principles of a photovoltaic device.
AFM-based techniques have also been widely used in microstructure characterizations of perovskite solar cells. [18a,25] In an AFM, a very thin cantilever is moved across a surface to measure the 3D surface topography. This is typically applied either in constant contact with the material's surface or in a tapping mode with an oscillating cantilever, moving a distance between each tap. Tapping mode is a non-contact mode for imaging soft samples (especially organic-inorganic hybrid perovskites), which could be damaged by a strong tip-to-sample interaction. [26] In order to measure the vertical movement of the cantilever, a laser beam is bounced off the back of the cantilever and reflected into a photodiode, and any vertical movement of the cantilever is thereby measured by the photodiode (Figure 1d) .
AFM-based techniques also offer the ability to correlate local electronic properties with local film structure in electronic devices at or near the surface, and it can study the physics of surfaces down to the atomic level. [27] Kelvin probe force micro scopy (KPFM) is an AFM-based technique that can measure the local contact potential difference between a conducting atomic force microscopy tip and the sample, thereby mapping the work function or surface potential of the sample with high spatial resolution. [28] Conductive atomic force microscopy (c-AFM) can measure the electric current flow at the contact point of the tip with the surface of the sample. [29] Moreover, shining light on photovoltaic materials such as perovskites allows for local measurements of photogenerated charges and determination of photovoltaic device performance parameters: open circuit voltage (V OC ), short circuit current (I SC ), and dark drift current (I D ), close to their native length scales if a solar cell device structure is provided. [25a] These critical PV parameters provide insight into the nature of the photovoltaic performance with nanometer scale resolution. [25a] Piezoresponse force microscopy (PFM) is an AFM-based method relying on the inverse piezoelectric effect that can locally probe the electromechanical properties of piezoelectric samples. PFM has been widely used to study the potential of ferroelectricity in CH 3 NH 3 PbI 3 perovskite. This field has attracted great interest since theoretical calculations suggest that the presence of ferroelectric domains would result in internal junctions that may aid separation of photoexcited electron and hole pairs, as well as reduction of recombination through segregation of charge carriers. [30] However, ferroelectricity of CH 3 NH 3 PbI 3 is still under debate. [18a,25b,31] In the next few sections, we are going to review how these microstructure techniques have been used to study the grain interiors, the grain boundaries, and the heterojunction interfaces in perovskite solar cells.
Intra-Grain Microstructures
The intra-grain microstructure study focuses on the internal structure of the grain itself: its chemical composition, morphology, crystallinity, crystallographic orientation, intra-grain defects, to mention a few properties, which are intrinsic factors potentially controlling the performance of solar cells. Detailed information about individual grains, combined with the overall photovoltaic properties, allows a better understanding of the general operational mechanisms of solar cells, as well as how to improve their performance.
Grain Size
The majority of efficient perovskite solar cells are based on polycrystalline perovskite thin film, and the effect of perovskite grain size on solar cell efficiency has received a large amount of research attention. Nie et al. developed a solution-based hot-casting technique to fabricate CH 3 NH 3 PbI 3 thin films with millimeter-scale crystalline grains. [15d] They found that a larger grain size typically resulted in a superior solar cell performance, and attributed this to reduced bulk defects and improved charge carrier mobility in large-grain devices. However, the solar cell based on millimeter-scale CH 3 NH 3 PbI 3 grains by Nie et al. did not show significant improvement in efficiency when compared with those with an average grain size of several hundred nanometers reported by Heo et al., [32] even though the device architecture (glass/ TCO/PEDOT:PSS/CH 3 NH 3 PbI 3 /ETL/metal) was almost the same. This suggests that grain size may not be a significant factor controlling the device efficiency, at least for grain sizes greater than a few hundred nanometers. Other factors such as intra-grain microstructural features could deserve more attention. A recent study by Lee et al. does, however, find a positive correlation between grain size and generated photocurrent for grains in the micrometer regime, [33] but it is clear that other factors, such as the intra-grain microstructure, play a large role in determining the performance of perovskite solar cells.
Ferroelastic Twin Domains in CH 3 NH 3 PbI 3
While a range of photoactive perovskites have been reported, the archetypical CH 3 NH 3 PbI 3 remains the most widely studied material of the family. Although most microstructural studies have been carried out on this material, some of its most fundamental properties, such as its crystal structure, are still not fully resolved due to structural complexities, such as the disorder in both the organic and inorganic components [34] and possible twins. [35] In particular, for the practically important, room-temperature tetragonal phase, two possible space groups have been proposed: the centrosymmetric, hence non-polar, space group I4/mcm [34,35b,36] and the non-centrosymmetric, polar space group I4cm. [35a] This is an important question to resolve, not least because a polar space group is a prerequisite for the presence of ferroelectricity, as ferroelectric domains may promote charge separation, reduce charge recombination [37] and allow high conductivity due to local degeneracy of the perovskite along the domain walls. [38] Hermes et al. observed a striped domain structure with a period of 100-350 nm in width within the grains of a polycrystalline tetragonal CH 3 NH 3 PbI 3 thin film by PFM imaging. [39] These domains were not visible in the surface topography, as seen in Figure 2a -d and the authors proposed the domains were ferroelastic in nature. Both magnified areas in Figure 2c show that the stripes change their direction by 90° within a single grain. The periodic structure, the 90° direction change, and the correlation between domain size and grain size are consistent with the periodic ferroelastic twin domains in thin films of ferroelectric and ferroelastic ceramics. [39] However, experimentally determining whether ferroelastic domains are also ferroelectric can be challenging. It can be difficult to detect ferroelectric switching due to the strong influence of leakage currents stemming from the CH 3 NH 3 PbI 3 perovskite's semiconductor nature. [18a] Hermes et al. also performed ferroelectric switching experiments, in which a strong DC bias was applied to a domain to change its polarization orientation. They found, however, that both the contrast of the PFM signals and the arrangement of the domains remained the same after applying the bias, and therefore concluded that these domains were not ferroelectric. [39] Hermes et al. proposed that these ferroelastic domains may be twin domains that could form due to the introduction of strain during the cubic to tetragonal phase transition. [39] Strelcov et al. further proved that the configuration of ferroelastic CH 3 NH 3 PbI 3 domains in single crystals and polycrystalline films can be controlled with applied stress. [40] Independently, Rothmann et al. have recently reported decisive evidence for the twin domains in the tetragonal CH 3 NH 3 PbI 3 using TEM. [13] They observed a striped contrast of 100-300 nm in width, studying much smaller tetragonal CH 3 NH 3 PbI 3 grains compared to those studied by Hermes et al., as seen in Figure 2e . The stripes were observed to disappear quickly, even under low dose electron beam conditions. [13] The stripes were correlated with the presence of "split" diffraction spots, as seen for example in Figure 2f ,g, which have indices consistent with the existence of "twin domains", that is, adjacent domains that have crystallographic orientations that are mirrored across the domain wall, or 'twin plane'. [13] The crystallographic orientations alternate such that the <001> t directions in adjacent twin domains are oriented ∼89 degrees to each other, giving rise to the striped contrast observed in the images (where the subscript 't' indicates indexing in the tetragonal phase). It was found that the twin planes lie parallel to {112} t and that the formation of the twins is driven by the very small differences in the lattice spacing of the {110} and {002} planes. Furthermore, tapering needle like crystal domains, such as the one seen in Figure 2h , were also observed which are characteristic of crystallographic twinning in ferroelastic crystals. [41] When the temperature was increased above the tetragonal to cubic phase transition temperature of 57 °C, the stripe contrast and 'split' diffraction spots all disappeared, as is expected for the higher symmetry cubic structure. Upon cooling below the phase transition temperature again, the stripes re-appeared in some grains, most with the same orientation as in the original film. [13] Figure 2. Vertical PFM measurement on CH 3 NH 3 PbI 3 film: a) topography, b) PFM phase, c) PFM amplitude with magnified areas 1 and 2, d) amplitude profiles extracted along the red line in area 1 (red) and the blue line in area 2 (blue). Reproduced with permission. [39] Copyright 2016, American Chemical Society. e) Bright field TEM image and f) near [1 10] t -oriented selective area electron diffraction (SAED) pattern of a CH 3 NH 3 PbI 3 thin film at room temperature. g) Is the magnified region of the solid blue rectangle in (f). h) A bright field TEM image of a CH 3 NH 3 PbI 3 grain with needle-like twin boundaries. The scale bars in (e) and (h) are 500 nm, and the one in (f) is 2 nm −1 . Reproduced with permission. [13] Copyright 2017, Nature Publishing Group.
Microstructural Heterogeneity
Polycrystalline perovskite absorber films are made up of thousands of individual perovskite crystals with different crystallographic orientations. Secondary electron SEM imaging may show a perovskite film consisting of seemingly uniform grains made by controlled solution processing (Figure 1a ). When combined with other analytical techniques, however, significant heterogeneity in their microstructures become apparent. The intra-grain heterogeneity is striking, showing that not only do different grains have different performance parameters, but there are variations even within a single grain. This was attributed to the different crystal facets at the surface of the individual grains. An efficiency indicator was calculated as the product of V OC and I SC measured in a certain area, and the indicator was then mapped throughout the film. This mapping, seen in Figure 3b , clearly shows different efficiency potential throughout the film, and even within a single grain. It was suggested that this intragrain heterogeneity in V OC is due to variations in trap state concentrations at different crystal facets: a high density of trap states lowers V OC due to Fermi level pinning and reduces I SC due to higher recombination rates. [25a] Despite this thorough and important work, the authors were not able to identify the crystallographic orientation of the different facets. This is an important question to answer, as optimising the facets exposed to the charge transport material could reduce interfacial defect density and further boost the overall performance of perovskite solar cells.
Heterogeneity not only exists within a single grain (intragrain) but also between grains (inter-grain). High PL intensity is an indication of good optoelectronic properties in a material, and thus desirable for solar cells. As seen in Figure 3c , de Quilettes et al. observed a strong variation in the photoluminescence (PL) intensity coming from different grains. [43] By combining this information with the time-resolved PL data, they confirmed that the inter-grain variation in PL intensity and charge carrier lifetime were due to variations in the trap state concentrations. Similarly, Bischak et al. used high resolution cathodoluminescence (CL) microscopy to reveal substantial luminescence yield heterogeneity between individual CH 3 NH 3 PbI 3 grains. [19] The spatial resolution of CL is significantly higher than that of PL, [19] and revealed significant spatial heterogeneity in the nature of charge carrier recombination on the nanoscale (Figure 3g,h) . Furthermore, varying the electron beam acceleration voltage changes the interaction volume, which allows for properties to be studied at a range of depths in the material. Here, a polycrystalline CH 3 NH 3 PbI 3 film with apparently uniform surface morphology is seen to have a large variation in the CL intensities emitted from the surface. In this case, the specimen was probed with a low voltage of 1.5 kV, ensuring that most of the interaction took place at or near the surface of the film. Using the information in Figure 3g ,h, Bischak et al. inferred that despite reports of the device performance being defect tolerant, the non-radiative recombination rates of the individual grains varied significantly, and that this variation was most significant at the grain surfaces. [19] However, it must be emphasized that the significant electron dose required for CL measurements will generate defects in the CH 3 NH 3 PbI 3 crystal structure, which are likely to affect the CL response, a phenomenon that will be discussed in greater detail in the following sections.
Measuring the local photocurrent of a CH 3 NH 3 PbI 3 film using a conductive AFM setup with a light source, Lee et al. found a similar difference in photocurrent generated between the grains. [42] This difference was not related to the different heights of the grains, but rather to their size, with larger grains providing a higher photocurrent. It was also found that the grains with higher photocurrent showed lower crystallographic defects, indicating that passivation of these defects could lead to higher performing grains. Seeking to passivate trap state defects, de Quilettes et al. found that pyridine is quite useful to passivate trap states on the CH 3 NH 3 PbI 3 film surface. [43] After the CH 3 NH 3 PbI 3 film surface was treated with pyridine, the PL intensity of the film as a whole greatly increased, as can be seen in Figure 3d ) and the inset in Figure 3e . To further support this, the steady-state PL spectra were measured before and after treatment, and a slight blue shift and narrowing of the spectrum peak was found, both indicating a decrease in the nonradiative losses related to trap states.
It is clear that there are big differences in the properties of individual CH 3 NH 3 PbI 3 grains, both from a crystallographic and a performance perspective. Understanding what causes these differences, and how to control them, will allow for greater improvements of the photovoltaic properties of perovskite solar cells in general.
Grain Boundaries, Passivation and Ion Migration
Initially, much effort was devoted to reliably reproducing dense and compact perovskite layers. This has since been achieved using a range of different methods, such as anti-solvent dropping, [15a] gas-assisted solvent removal, [15b] two-step solid-state inter-diffusion method, [44] vapor-assisted solution processing, [45] and hot casting.
[15d] Thus, grain boundaries in the dense films became a focus of the investigation.
Grain boundaries (GBs) in a crystalline semiconductor material interrupt the long-range periodicity of the crystal leading to electronic states at energies that would otherwise be forbidden in a bulk single crystal. [46] Many defects can occur at grain boundaries, including chemical and vacancy segregation, dangling bonds and lattice dislocations, [47] and the photogenerated carriers may suffer from recombination through grain boundary defects. [46] Therefore, grain boundaries are a critical microstructure to characterize and optimize in polycrystalline semiconductors.
In most polycrystalline photovoltaic absorbers such as Si, [48] CIGS, [49] and CdTe, [8] intrinsic grain boundaries create deep levels in band gaps and are considered detrimental to solar cell performance. [50] First-principles calculations suggest that grain boundaries in CH 3 NH 3 PbI 3 are dominated by www.advenergymat.de www.advancedsciencenews.com The overall heterogeneity is clearly not limited to individual grains but is likely to be related to the exposed crystal facets. Reproduced with permission. [25a] Copyright 2016, Nature Publishing Group. c) Fluorescence microscopy map of an untreated polycrystalline CH 3 NH 3 PbI 3 film. A highly fluorescent grain is marked with the blue circle, and a less fluorescent one is marked with the blue square. d) Fluorescence microscopy map of the same film treated with pyridine. A sharp increase in both the fluorescence of individual grains, but also in the homogeneity of the luminescence is observed, most likely due to the passivation of surface and grain boundary defects by the pyridine. e) Normalized photoluminescence spectra showing a slight blue shift and narrowing of full width at half maximum after pyridine treatment. The inset presents the bulk point defects, which only generate shallow trap levels, and grain boundaries should, therefore, be completely benign. [50] Li et al. combined c-AFM with KPFM to study the electrical structure and behavior of grain boundaries in CH 3 NH 3 PbI 3 thin films. KPFM suggested that downward bending of the energy bands of the material (band bending) exists at the grain boundaries, predominantly attracting photoinduced electrons. At the same time, c-AFM measurements have shown that higher photocurrents flow through grain boundaries when a low bias overcomes the barrier created by the band bending. [51] It suggests that certain grain boundaries act as effective charge dissociation interfaces and photocurrent transduction pathways rather than recombination sites. [51] Contact potential difference (CPD) measurements performed using conductive AFM under illumination further supported this hypothesis. [52] However, as shown in Figure 3c , the grain boundaries in CH 3 NH 3 PbI 3 film showed lower luminescence in PL intensity mapping and exhibited faster non-radiative decay compared with the grain interior. [43] This suggests that passivation of the grain boundaries is also important in order to reduce the nonradiative recombination rate [8] and thus improve the perovskite solar cell performance. It was further shown that pyridine treatment also helped passivate the grain boundaries as well as the grain interiors, leading to a more significant increase in PL intensity at the grain boundaries after treatment, compared to the bulk material, as seen in Figure 3f . [43] On the other hand, Lee et al. found that grain boundaries did not consistently produce more or less photocurrent than the grain interiors, when mapping the current of an illuminated CH 3 NH 3 PbI 3 film, both at stoichiometry and with excess CH 3 NH 3 I added to the precursor solution. [42] Similar measurements with a bias applied across the probe tip, however, found that grain boundaries could actually show higher photocurrent at voltages above 0.3 V. [33] This may indicate that at these voltages the external field compensated for the band bending at the grain boundary, thus facilitating charge transport. Yin et al. also suggested that chlorine and oxygen could spontaneously segregate into the grain boundaries and passivate those defect levels and deactivate the trap state. [53] Another way to minimize the negative impact of the grain boundaries was investigated by Son et al. [54] They added excessive amounts of CH 3 NH 3 I to the precursor solution, and noted that at 6 mole-% excess, CH 3 NH 3 I layers formed at the perovskite grain boundaries, which helped suppress non-radiative recombination and formed highly conductive ionic pathways that improved electron and hole extraction at the grain. [54] Conductive AFM (c-AFM) was used to investigate the conductive properties at the grain boundaries through local current-voltage measurements, with Figure 4a,b showing a film without excess CH 3 NH 3 I and one with 6 mole-% excess, respectively. Here, brighter contrast indicates more current flowing, and it is clear that not only do the grain boundaries become highly conductive charge transport channels with excess CH 3 HN 3 I, but the film in general exhibits increased charge carrier properties overall. [54] By adding excess CH 3 NH 3 I, the grain boundaries thus change from being negatively affecting charge recombination centers, into a microstructure that enhances photovoltaic performance, facilitating not only charge separation, but also charge transport in general. [54] This is somewhat contrary to the photocurrent mapping measurements by Lee et al. described previously, [42] which were, however, carried out under light illumination. Other conductive AFM studies have found that grain boundaries can show both higher or lower short circuit current under illumination, irrespective of the surrounding topography. [55] This indicates that the grain boundaries' properties are likely to be more complex than initially believed, and identifying and controlling grain boundaries that make positive rather than negative contributions to the solar cell's performance will be a key factor in continuous investigations. Similarly, excess PbI 2 has also been added to the precursor solution, leading to improved film formation, with larger grains and fewer pinholes, and thus to improved solar cell performance. However, this added PbI 2 does cause inherent instability in the material under illumination, causing accelerated degradation, and optimizing the material without adding excess PbI 2 should therefore be preferred. [56] Besides acting as charge recombination sites and transport pathways, grain boundaries have also been associated with ion migration. [25c,57] A unique character of the hybrid perovskites compared to other photovoltaic materials is that they are not only semiconductors in which electrons and holes can move but also ionic conductors where cations (e.g., CH 3 NH 3 + [58] ) and halide ions (e.g., I − [59] ) can also migrate. [47] First principles calculations found that the activation energy for migration of iodide ions was as low as 0.6 eV and only 0.84 eV for CH 3 NH 3 + . [60] Ion migration has drawn large amounts of attention, since it has been associated with the unique photocurrent hysteresis behavior in perovskite solar cells. [57, 59] Shao et al. used c-AFM to study the ion migration associated with local current hysteresis at the grain boundaries. [61] They found a significant hysteresis in the dark current at the grain boundaries, whereas the grain interior showed negligible hysteresis (Figure 4c-e) , suggesting that ions are more likely to migrate near the grain boundaries. [61] Placing the c-AFM tip on a grain boundary and measuring the short circuit current under illumination revealed a clear increase in the photocurrent at the grain boundary over time, whereas the grain interior remained relatively constant. This change in conductive properties was considered to be an indication of ion migration under illumination, one of the likely origins of hysteresis in perovskite solar cells. [61] Both the dark-current and photocurrent hysteresis at the grain boundaries could be suppressed in the presence of PCBM, as seen in Figure 4f, steady-state PL spectra showing the relative PL intensities before (blue circle) and after (red square) pyridine treatment. Reproduced with permission. [43] Copyright 2015, American Association for the Advancement of Science. f) Grain boundary PL line scan before [blue line in (c)] and after [red line in (d)] pyridine treatment, showing a slight relative reduction in PL quenching across the grain boundary after treatment. [43] g) SEM image and h) corresponding CL image of the top surface of a polycrystalline CH 3 NH 3 PbI 3 film. The data was obtained with an electron beam acceleration voltage at 1.5 kV in both figures. Reproduced with permission. [19] Copyright 2015, American Chemical Society. the photocurrent hysteresis by diffusing into the grain boundaries during long time thermal annealing, thus passivating the deep charge traps by interacting with defects such as I-Pb antisites. The ion diffusion is expected to be suppressed as well by filling the relatively open grain boundaries with nonmobile fullerene balls, which also interact with defects at grain boundaries. [61] This aligns well with another study, which also observed the improvement in overall performance and suppression of I-V hysteresis due to PCBM passivation of iodide-rich trap sites on the surface of perovskite films. [62] Direct observation of the faster ion migration at grain boundaries was shown by measuring a different elemental redistribution along the grain boundaries compared to the grain interior after electrical poling. "Bumps" and "pinholes" were observed particularly at and near the grain boundaries, indicating that ions moving in the applied electric field are much more free to do so at the boundaries compared to the interior of the grains. [61] The iodine signal changes dramatically after poling, with a gradient across the grain boundary, increasing from the cathode to the anode side. The iodine concentration at the grain interior, however, remains the same. This provides conclusive evidence that the ion migration mainly takes place along the grain boundaries in polycrystalline perovskite thin films.
Perovskite Solar Cell Heterojunction Interface Characterization
The heterostructure of perovskite solar cells is responsible for their promising performance and also presents challenges for characterization. Indeed, the charge selective contacts between the photoactive layer and the charge transport layers are what controls the quality of the fill factor and V OC of the perovskite solar cells. [63] This has resulted in great effort being directed at studying these interfaces in more detail, so as to obtain a deeper understanding of their function and thereby optimize their performance.
It has been found that using inorganic heavily p-doped Ni x Mg 1-x O and heavily n-doped TiO x as selective charge carrier layers allowed for efficient extraction of charges, even with oxide layers as thick as 20 nm. [64] Increasing the roughness of the perovskite film has also been found to increase performance Brighter contrast indicates more current flowing at the location. Adding excess CH 3 NH 3 I visibly increases the overall current in the film, particularly at the grain boundaries, turning them into efficient charge carriers instead of recombination sites. The insets show the topography of the films. Reproduced with permission. [54] Copyright 2016, Nature Publishing Group. c-g) Local currents measured by c-AFM. c) Surface topography AFM image of the polycrystalline perovskite thin film. The red triangle and the blue square how the locations where the c-AFM tip measured the grain and grain boundary current properties, respectively. The scale bar is 1 µm. d,e) Local dark current measured at the grain boundary d) and on the grain e), respectively. Strong hysteresis is seen at the grain boundary, with the grain showing less severe but still present hysteresis. f,g) Local dark-current (f) and photocurrent (g) measured at the grain boundary in polycrystalline perovskite thin films covered by PCBM. Very little hysteresis is observed, indicating that PCBM helps passivate defect states in the grain boundaries and prevent ion migration, thus reducing the hysteresis. Reproduced with permission. [61] Copyright 2016, Royal Society of Chemistry.
parameters by increasing scattering and improving charge transport in the material, increasing the J SC and thus the overall PCE. [65] Adding additional layers between the selective charge transport and the perovskite layers, such as a material with an intermediate work function, can also help charge extraction. PCBM fullerene [66] and amorphous perylenediimide [67] are two examples of intermediate materials that have been used, both increasing the overall solar cell efficiency by about a third compared to the original devices. Adding additional layers often changes the microstructure of the perovskite layer, decreasing the overall surface roughness of the perovskite, which is attributed to improved adhesion of the perovskite layer to the substrate. [67] This decreased surface roughness could, however, result in related performance decreases as well. [65] Furthermore, adding a small amount of PEG polymer to the perovskite precursor solution has been shown to significantly improve the coverage of the film on a dense TiO 2 blocking layer, leading to a decrease in shunts and pinholes in the film, increasing the power conversion efficiency by up to 25% relative to a non-polymer containing film. [68] Due to their chemical discontinuity, interfaces can also be prone to chemical reactions, which is particularly important to consider when working with unstable perovskites. In particular, highly polar water molecules will tend to react with the unprotected hybrid perovskite, decomposing it. It has been found that adding an ultrathin compact Al 2 O 3 layer on top of the hole transport layer effectively blocks the water without significantly reducing the overall device efficiency, thus improving the overall stability of the system. [69] The perovskite layer also has a tendency to affect the metal contact layers by reaction of mobile I − ions from the perovskite with the metal contacts, leading to drastic changes in the relative energy levels, and thus in the overall solar cell performance. The reaction of iodide with metal electrodes, such as silver, caused an irreversible degradation of the metal contact on the microscale, and thus a failure of the solar cell. [70] In order to map out the variation in efficiency of charge separation and collection, Edri et al. [71] used electron beam induced current (EBIC) on a cross-section of a CH 3 NH 3 PbI 3 (Cl) based solar cell device (using a precursor solution with a certain amount of PbCl 2 added together with the PbI 2 ). Two prime high efficiency locations for charge generation were observed in the EBIC mapping (Figure 5a,b) . One of these locations was found at/near the interface between the perovskite and the electron transport layers, and the other at/ near the interface between the perovskite and the hole transport layers, with the former producing a higher current than the latter. This 'twin peaks' profile is characteristic of a p-i-n solar cell, with the insertion of a layer of low-doped, high electronic quality semiconductor between the p and the n layer. [71] It is noted that using a gallium ion beam to cut cross sections for EBIC measuremnts can induce damage and contamination, influencing the material's minority carrier life time due to added surface recombination, so this gallium ion milling should ideally be avoided. [72] Furthermore, electron beam induced artefacts in the extremely beam sensitive hybrid perovskites remains a significant challenge in these electron probe based experiments.
It has been reported that the internal quantum efficiencies (IQE) of CH 3 NH 3 PbI 3 based solar cell devices approaches a value of 100%. [23] In order to understand the reasons for such excellent charge carrier collection properties, EBIC was used to study the microstructure of the interfaces within the solar [71] Copyright 2014, Nature Publishing Group. c) Line profile of the EBIC current across the grain boundaries between two CH 3 NH 3 PbI 3 grains. The measurement corresponds to the location shown in the inset image. d−g) EELS maps demonstrating a grain boundary infiltrated with Spiro-OMeTAD between two CH 3 NH 3 PbI 3 grains. The atomic areal density elemental maps (e, iodine; f, carbon; and g, nitrogen) show significantly rich content of both carbon and nitrogen within the grain boundary, but a poor iodine content. This indicates that the organic Spiro-OMeTAD is able to diffuse through the grain boundary, acting as a bulk heterojunction within the photoactive layer, assisting charge separation and hole transport to the appropriate electrode. Reproduced with permission. [23] Copyright 2015, American Chemical Society.
cell device. The EBIC response was mapped across a typical grain boundary between two CH 3 NH 3 PbI 3 grains. The EBIC current at the vicinity of the grain boundary was found about 70% higher than that of the surrounding grains (Figure 5c ), implying that the grain boundaries are active channels for charge carrier separation and collection, rather than solely acting as recombination regions. [23] Further microstructural and compositional investigations were carried out using scanning transmission electron microscopy (STEM) combined with electron energy loss spectra (EELS) to scan across a grain boundary. Figure 5d shows the cross-section morphology of two CH 3 NH 3 PbI 3 grains. Iodine only exists in CH 3 NH 3 PbI 3 , whereas Spiro-OMeTAD is rich in both carbon and nitrogen, making the two phases distinguishable through identification of these three marker elements. From the EELS maps, it is clear that the grain boundary is poor in iodine (Figure 5e ), but rich in both carbon (Figure 5f ) and nitrogen (Figure 5d ) relative to the surrounding bulk perovskite grains. Provided the results are not significantly affected by the intense electron beam required for EELS, this trend suggests that Spiro-OMeTAD has most likely infiltrated the grain boundary, filling up the gap between the two grains. The Spiro-OMeTAD infiltration would form bulk heterojunctions (BHJ) within the photoactive layer, between the perovskite grains and the grain boundaries, which might explain the enhanced carrier collection efficiency near the grain boundaries. The grain boundaries filled with SpiroOMeTAD are thus good pathways for allowing holes to travel to the appropriate electrode with reduced resistance. [23] It is clear that elemental and molecular diffusion can readily occur between different layers in perovskite solar cells, and it is therefore important to understand how it happens and what effect it has on the overall performance of the devices. Domanski et al. investigated the diffusion of gold from the top contact into the solar cells stack. [73] As seen in Figure 6 , they used time of flight secondary ion mass spectroscopy (ToF-SIMS) to investigate the elemental depth profile of a perovskite solar cell device. When looking at the gold distribution throughout the solar cell, they found that when the device had been stored at 30 °C, the gold was mainly confined to the top electrode, with a small amount of infiltration into the top hole transport layer. However, when a solar cell had been stored at 70 °C, a strong gold signal was found around the interface of the perovskite layer and the electron transport layer. This indicates that at 70 °C, a considerable amount of gold is able to diffuse through both the hole transport layer and the perovskite, but partially stopping at the interface between the perovskite and the dense TiO 2 layer, where gold accumulates. [73] This evident diffusion of gold inside the perovskite solar cell can produce shunts across the device, thus reducing the fill factor (FF), and create deep trapping states within the semiconductor materials. This would enhance non-radiative recombination and consequently cause a degradation of both the V OC and the J SC . Moreover, Domanski et al. [73] found that by introducing a Cr metal interlayer as a diffusion barrier between the hole transport layer and the gold electrode, they could prevent the irreversible long-term losses associated with high temperature-induced diffusion of gold into the perovskite layer, similar to the use of a Cr layer to prevent water-induced degradation. [70] 7. Challenges in Characterizing the Microstructure of Perovskite Solar Cells
Electron Beam Induced Artefacts
The fragile nature of the hybrid organic-inorganic perovskite structure makes microstructural characterizations difficult, and the effects that the characterization techniques themselves may have on the material's microstructures and properties need to be considered. For example, heating to temperatures above ≈140 °C, [11] is known to decompose CH 3 [73] Copyright 2016, American Chemical Society. CH 3 NH 2 , HI, and PbI 2, [11] and, as previously described, strong electric fields can have an adverse effect on the material's properties. [25c,61] Furthermore, electron beam induced artefacts in the extremely beam sensitive hybrid perovskites remains a significant challenge in these electron probe based experiments.
Figure 7a-b shows the evolution of the CL spectra of a polycrystalline CH 3 NH 3 PbI 3 thin film after exposure to a range of electron beam conditions and exposure times. [74] For the shortest exposure time of 1 second, a peak corresponding to a photon energy of 1.6 eV is evident. As the exposure time is increased, the spectrum peak shifts to higher energies and broadens slightly, indicating the formation of a new phase induced by the impinging electron beam. All of these effects are greatly amplified for the higher accelerating voltage and, in particular, for higher beam currents with the largest radiation dose (beam current and exposure time) doing the greatest damage. [74] From these results, it can be deduced that in order to study the structure and electro-optical properties of hybrid organic-inorganic perovskite materials reliably in an SEM, a Adv. Energy Mater. 2017, 7, 1700912 Figure 7 . Evolution of the CL spectrum of polycrystalline a-b) CH 3 NH 3 PbI 3 and c) CsPbI 3 thin films under electron beam exposure. Electron beam voltage, current, and irradiation time as indicated (the spectra intensities were normalized). At higher voltages and currents, the spectra of the CH 3 NH 3 PbI 3 thin films shift to higher photon energy, indicating the formation of a new phase under these conditions. The spectrum of the fully inorganic CsPbI 3 perovskite does not change significantly under exposure, indicating a much more stable material. Reproduced with permission. [74] Copyright 2015, American Chemical Society. d) Secondary electron cross-section image of a cleaved FTO/ dense TiO 2 / MAPbI 3 (Cl)/ spiro-MeOTAD/ Au cell. e-f) Corresponding line profiles taken from 12 sequential scans of the same area indicated with the line in (d). The EBIC signal initially increases during the first 6 scans, but then begins to decay after the 7 th , indicating a decomposition of the material. Reproduced with permission. [18c] Copyright 2016, American Chemical Society. g-i) The same region as that in Figure 2 (a,b) but after extended electron beam exposure at a dose rate of around 2 e Å −2 s −1 . The stripe contrast and 'split' diffraction spots arising from the presence of twin domains are gone, indicating that, even under weak electron beam dose rates, the beam changes the atomic structure of CH 3 NH 3 PbI 3 . The scale bar in (g) is 500 nm, and the one in (h) is 2 nm −1 . Reproduced with permission. [13] Copyright 2017, Nature Publishing Group. combination of low voltage and low dose (via low beam current and short exposures) is needed. It should be noted, however, that the peak position of the CL spectra of the inorganic perovskite CsPbI 3 does not change, even after extended electron beam exposure (Figure 7c ). [74] This indicates that the inorganic perovskite is significantly more stable under electron beam irradiation than the hybrid CH 3 NH 3 PbI 3 , making it a more robust platform for electron beam studies of photoactive perovskites. [75] Electron beam induced current (EBIC) is a useful technique for mapping the current generation in a solar cell device. By scanning an electron beam across a cross section of a complete solar cell device, it can be possible to measure the electron beam generated current output at each location on the cross section, and thus identify any differences in current generation conditions. It does, however, involve scanning a high current electron beam across the solar cell device, and the technique itself could potentially have an adverse effect on the results obtained. Figure 7d shows a secondary electron image of a cleaved solar cell with the structure of FTO/dense TiO 2 / CH 3 NH 3 PbI 3 (Cl)/spiro-MeOTAD/Au.
[18c] The green line at the top indicates the EBIC line scan location. In order to probe the effect of the electron beam on the EBIC measurement, the same line was scanned repeatedly, as seen in Figure 7e ,f. Initially, two peaks are seen in the scan, both near the interfaces between the perovskite layer and the charge transport layers. This is characteristic of perovskite solar cells with a layered structure, and shows that more charges generated near the interfaces are able to reach the selective transport layers than in the bulk of the material. The EBIC signal increases overall throughout the film with increasing scan number up to six scans, as seen in Figure 7e . This is attributed to the passivation of surface trap states through the charging or discharging, or thermal annealing of these trap states. After 6 scans, the EBIC signal begins to diminish overall throughout the device, but in particular around the 700 nm location, where a clear valley appears, deepening with further scan number, as seen in Figure 7f . The fact that the valley develops close to the middle of the perovskite layer indicates that the electron beam irradiation has damaged the perovskite material, somehow lowering the drift and diffusion lengths of both holes and electrons in the photoactive layer. [18c] A similar sensitivity to the electron beam was observed in transmission electron microscope studies of polycrystalline CH 3 NH 3 PbI 3 thin films. Even at a very low electron beam dose rate of around 1 e Å −2 s −1
, it was found that the crystal structure changes. [13] Figure 7g shows the same area as Figure 2a after 4 minutes exposure at this low dose rate. It is clear that the "striped" contrast arising from the presence of twin domains normally observed in the grains of a pristine polycrystalline film have disappeared. Similarly, the diffraction pattern from a grain exposed for 4 minutes under the same conditions (Figure 7g,h) , no longer displays "double" diffraction spots characteristic of twinning, indicating that the electron beam has removed the twinning and changed the atomic structure. [13] This change was found to be irreversible, even after in situ thermal annealing past the phase transition temperature, and cooling back down again. [13] This irreversible change reflects the annihilation of the twinning structure associated, in part, with subtle compositional changes due to electron irradiation (a phenomenon that will be described in depth in a paper currently in preparation by the authors). This is despite the fact that the overall polycrystalline CH 3 NH 3 PbI 3 grain morphology and orientations remain intact.
Electron beam induced damage has also been observed by Yang et al., using scanning transmission electron microscopy (STEM). [76] While studying the change in microstructure and composition of a CH 3 NH 3 PbI 3 based FIB-prepared solar cell specimen as a function of storage time and conditions, it was found that the area that had been scanned more intensely by the beam was more degraded than the surrounding areas. [76] When heating the sample to 50-60 °C in order to study the effects of increased temperature on the material, it was also found that the areas with the greatest electron beam exposure showed the most severe degradation. [76] Lead nanoparticles were observed as a degradation product in or on the FIB specimen, and the authors noted that they moved easily under the electron beam, further highlighting the need for care when studying photoactive perovskites in the TEM.
Overall, when using electron microscopes to study perovskite solar cell materials, it is imperative to minimize the total accumulated electron dose through appropriate adjustment of the operating conditions. [77] Wherever possible, the condition of the specimen should be verified before and after the characterization experiment. For example, in TEM, a low dose selected area electron diffraction pattern should be taken at the very start and end of any other experimental techniques, to check that the structure has not changed after electron beam irradiation (for example, twin reflections should be present in the initial and final diffraction patterns). With high dose techniques, such as CL, EBIC, EDX and atomic resolution imaging, beam damage is extremely likely and it is essential to identify and account for the effect on the results obtained.
While we focus in this section on electron beam damage, it is important to note that other radiations, such as neutron and bright X-ray sources, can also generate damage. [78] Care needs to be applied in the execution of these techniques. As just one example, techniques such as grazing-incidence X-ray scattering (GIXS) which have proven invaluable for investigating the morphology of organometal halide perovskite thin films, [79] need to be used cautiously when coupled with high brilliance X-ray sources. [78] 
Scanning Probe Induced Artefacts
The sensitivity of hybrid organic-inorganic perovskites to air means that the surface degrades before the bulk, and rapidly, which poses a challenge for scanning probe techniques, which require direct contact with the materials' surface. This is particularly the case for contact mode imaging, such as PFM and c-AFM, where the cantilever tip is in constant contact with the material since simply touching the film with the AFM tip can change the film morphology. Furthermore, CH 3 NH 3 PbI 3 is sensitive to electric fields, which can further complicate measurements. [25a,39] Fan et al. [18a] used a PFM setup to probe the ferroelectric properties of CH 3 NH 3 PbI 3 , a topic that has received much attention lately. A range of voltages were applied across the tip of the probe, and the amplitude and phase of the piezo force response was measured as the probe was scanned across a CH 3 NH 3 PbI 3 thin film. For a material to be ferroelectric, it has to be possible to change its polarization orientation by applying an alternating electric field, which would be apparent in the amplitude and phase images in PFM measurements. When applying a positive (or negative) DC poling voltage smaller than +2.5 V (or −1.5 V), almost no change in the amplitude and the phase was observed. When the voltage reached +2.5 V (or −1.5 V), they observed significant changes in the amplitude and phase images, but also in the topography images. This simultaneous change suggests that the amplitude and phase differences are not necessarily a result of ferroelectric domain switching, but rather related to electrochemical phenomena. [18a,80] Moreover, due to the strong influence of leakage current in the thin films, it is almost impossible to observe a high polarization variation experimentally. The ferroelectricity of CH 3 NH 3 PbI 3 is therefore still very much under debate, and further studies are essential to resolve this important issue. [18a,25b] In order to prevent drawing erroneous conclusions based on artifacts induced by the characterization method, it is advisable, wherever possible, to correlate information obtained from different techniques, rather than rely solely on one technique. For all techniques used, it is imperative to assess the possible effects the measurements themselves can have on the results, and adjust the interpretation accordingly.
Outlook and Future Studies
Despite the relatively small number of studies on the microstructure of perovskite solar cells, the highlights presented above demonstrate their importance for understanding and improving device performance, as well as the challenges in applying certain characterization techniques to the delicate perovskite photoactive layer. Through these analyses, we may be able to suggest several areas for future study that may improve the general understanding and the performance of perovskite solar cells.
The presence of twin domains in CH 3 NH 3 PbI 3 is an interesting phenomenon that requires further study, particularly given they are observable in PFM maps and their dimensions are on a scale comparable with the thickness of the photoactive layer. [39] Their behavior close to the tetragonal to cubic phase transition, which lies within the operating temperature range of the solar cell, and their orientation with respect to the electron/hole transporting layers, and its impact on charge separation, transport and recombination are all important open questions. Furthermore, the existence of twin domains and other microstructural features associated with phase transformations in other perovskite solar cell systems remains to be confirmed.
Understanding why certain grains, and surface facets within a grain, in the same film show quite different power conversion efficiency is of utmost importance for further improving the solar cells' efficiency. Studies will be needed to measure the crystallographic orientation of the surface facets and of the individual grains with respect to the device interface and understand their relationship to the energy conversion efficiency.
An exciting recent development is the mixed cation and mixed halide perovskites, which currently hold the record for highest performing perovskite solar cells. [9c,81] This mixture of elements allows for tuning of the overall atomic structure and hence material properties, such as the band gap and the solar cell stability. However, there is a limited understanding of the crystal structures and microstructures of these materials. It is still unclear whether the mixed systems form homogeneous alloys or if there is a certain degree of compositional and/or structural phase separation in the materials, including twinned, tweed, superlattice or modulated structures, which would result in different interpretations of the solar cell performance.
The fully inorganic perovskite solar cells have much better high temperature and electron beam stability than their organic-inorganic hybrid counterparts. Although their efficiency is generally lower than that of hybrid solar cells, they share similar crystal structures and optoelectronic behavior with the hybrid perovskites, thus offering a good model for in-depth microstructural characterizations, such as high-resolution lattice images, and an approach for comparative investigations between these two systems.
All of these studies must be undertaken with great care, acknowledging the delicate nature of the photovoltaic perovskite materials. Experiments must be carefully planned to avoid physical and chemical damage by the experimental techniques employed.
Summary
In this progress report, we have given a selective overview of the current understanding of the microstructural characteristics of perovskite solar cells, as well as their influences on solar cell performance. It is clear that perovskite solar cells are very complex entities. The heterojunction nature of the devices, the polycrystallinity of the photoactive layers, the grain and twin boundaries, and even the differences within individual grains of the films suggest that a holistic approach must be taken when studying these solar cells. The fact that the hybrid perovskite materials tend to be highly sensitive to environmental conditions presents great challenges in the investigations and means that great care must be taken when characterizing them. While individual characterization techniques can give useful insights into the nature and properties of these solar cell materials, it is only when a range of techniques are combined that we begin to see the whole picture. This is not unique to perovskite solar cells, but it is perhaps more important in this field than in many others, given the complexity and environmental sensitivity of these hybrid devices. The flexibility in composition, device structure and preparation method offers great potential for tuning and optimizing the performance of perovskite solar cells. The added complexity, however, means that we must be particularly vigilant when studying this type of solar cell in order to only obtain reliable information.
